Chromosomal inversions have an important role in evolution, and an increasing number of inversion polymorphisms are being identified in the human population. The evolutionary history of these inversions and the mechanisms by which they arise are therefore of significant interest. Previously, a polymorphic inversion on human chromosome Xq28 that includes the FLNA and EMD loci was discovered and hypothesized to have been the result of nonallelic homologous recombination (NAHR) between near-identical inverted duplications flanking this region. Here, we carried out an in-depth study of the orthologous region in 27 additional eutherians and report that this inversion is not specific to humans, but has occurred independently and repeatedly at least 10 times in multiple eutherian lineages. Moreover, inverted duplications flank the FLNA-EMD region in all 16 species for which high-quality sequence assemblies are available. Based on detailed sequence analyses, we propose a model in which the observed inverted duplications originated from a common duplication event that predates the eutherian radiation. Subsequent gene conversion homogenized the duplications, thereby providing a continuous substrate for NAHR that led to the recurrent inversion of this segment of the genome. These results provide an extreme example in support of the evolutionary breakpoint reusage hypothesis and point out that some near-identical human segmental duplications may, in fact, have originated >100 million years ago.
C
hromosomal rearrangements were among the first types of genetic variation to be studied and have been proposed to play an important role in genome evolution and the phenotypic differences within and between species (1, 2). The recent availability of genomic data from multiple species has led to the unexpected discovery that structural variation, including inversions, is relatively common in the human population (3, 4) , as well as between closely related species, such as human and chimpanzee (5) (6) (7) . Comparisons of the positions of evolutionary breakpoints in different mammalian lineages suggest that a small fraction of the mammalian genome is particularly prone to rearrangement and constitute breakpoint ''hotspots'' that have been reused over the course of mammalian evolution (e.g., refs. 8 and 9). Therefore, a conserved property of mammalian genomes appears to be the presence of a limited number of fragile regions that commonly mediate chromosomal rearrangements. This observation contrasts with the long-held view that evolutionary breakpoints are distributed randomly across the genome (10) , and there has been considerable debate pitting the random breakage model versus the fragile breakage/breakpoint reusage hypothesis (11) .
One mechanism known to mediate chromosomal rearrangements is nonallelic recombination between homologous sequences (NAHR). In humans, 5% of the genome is comprised of segmental duplications, which are typically defined as duplications Ͼ1 kb in length and Ͼ90% sequence identity, and could act as potential hotspots for genome evolution (12) . NAHR between these duplications mediates both benign and pathogenic chromosomal rearrangements in the human population (13) . Strikingly, not only are the locations of human segmental duplications enriched at the positions of evolutionary breakpoints that occurred in the human lineage, but the orthologous positions in other mammalian genomes are also prone to breakage (9, 14, 15) . Thus, it has been postulated that segmental duplications in the human genome are indicators of conserved fragile regions found in other species (15) . However, no explicit mechanism or example has been reported that could account for this association and the reusage of breakpoints during evolution. In addition, it is not clear whether the presence of the duplicated sequences precede the generation of the chromosomal rearrangements or the properties of these genomic regions account for both the tendency to break and duplicate.
Here, we report the results of a comparative genomic study focused on the segment of human chromosome Xq28 containing the FLNA and EMD loci. This region has been associated with a Ϸ40-kb polymorphic inversion that was originally detected at a frequency of 18% in a sample of people of European descent (16) . However, whether the more common FLNA-EMD arrangement present in the reference human genome assembly or the alternative EMD-FLNA arrangement (designated as the ϩ and Ϫ arrangements, respectively, in Fig. 1A ) represents the ancestral arrangement was not established. Remarkably, we found that this locus has been the site of recurrent and independent inversions in a diverse sampling of eutherians. Furthermore, based on detailed sequence analysis, we propose a model by which the recurrent inversions were the result of NAHR between a conserved pair of inverted duplications on the X chromosome that originated before eutherian radiation Ͼ100 million years ago.
Results

Recurrent Inversion of the FLNA-EMD Chromosomal Segment in
Eutherians. To study the evolutionary history of the FLNA-EMD inversion, we used targeted BAC-based sequencing, comparative mapping of BAC and fosmid paired-end reads, and wholegenome assemblies to determine the arrangement of this chromosomal segment in a diverse sample of 27 additional eutherians (see Methods). Because it has traditionally been considered that inversions are relatively infrequent and have a unique origin, we expected that a single orientation would be uniformly present in Author contributions: M.C. and J.W.T. designed research; M.C., R.T.S., and J.W.T. analyzed data; N.I.H.I.S.C.C.S.P. performed research; and M.C. and J.W.T. wrote the paper.
our sample of species. In contrast to our expectation, both the ϩ and Ϫ chromosomal arrangements were observed (Fig. 1B) . Moreover, the phylogenetic distribution of the observed arrangements suggests that multiple independent inversions have occurred since the most recent common ancestor of eutherians.
Although the order of genes in this region could not be inferred from the genome assemblies of the noneutherian mammals opossum and platypus, other sequenced tetrapods, or fish because of a lack of conserved synteny (data not shown), the most parsimonious scenario that accounts for the observed variation in the arrangement of the FLNA-EMD chromosomal segment is one in which the Ϫ arrangement was present before the eutherian radiation and requires a minimum of 10 independent inversion events (Fig. 1B) . These results are consistent with an inversion hotspot in this region of the eutherian X chromosome.
Inverted Duplications Flanking the FLNA-EMD Chromosomal Segment
Are a Conserved Feature of Eutherian Genomes. Small et al. (16) noted the presence of near-identical inverted duplications flanking the FLNA-EMD chromosomal segment in humans and other hominoids and proposed that the human polymorphic inversion was the result of NAHR between the duplications. To determine the degree to which inverted duplications flanking the FLNA-EMD segment are a conserved feature of eutherian X chromosomes, detailed genomic sequence annotation and comparisons were conducted in human and 15 other eutherians by using high-quality BAC-based targeted sequence assemblies of this region generated by us and sequences extracted from wholegenome assemblies [ Fig. 2 and supporting information (SI) Table 1 ].
As described (16) , near-identical (0.009 substitutions per site) 11.4-kb inverted duplications flank the FLNA-EMD chromosomal segment in humans (Fig. 2) . Strikingly, inverted duplications were also detected at the orthologous positions in all 15 other eutherians ( Fig. 2 and SI Table 1 ). These duplications ranged in size from Ϸ1.9 kb in elephant to Ͼ17 kb in rabbit and, with the exception of the rabbit duplications that contain a portion of FLNA, were devoid of known genes. As was the case in humans, the duplications flanking the FLNA-EMD chromosomal segment were near-identical (Յ 0.014 substitutions per site) in 12 of the 15 additional species analyzed (Fig. 2) . In the remaining three species (rat, armadillo, and shrew) divergence between the duplications was higher and ranged from 0.03 to 0.17 substitutions per site (Fig. 2 ), but they did contain several tracts of perfect identity of Ն50 bp, totaling 1,422, 1,223, and 1,531 bp in rat, armadillo, and shrew, respectively. Preliminary analysis of this region in the rhesus macaque, colobus monkey, and cow, for which there are lower-quality sequence assemblies, as well as squirrel, tenrec, and little brown bat, for which high-quality assemblies recently became available, indicate that inverted duplications are also present in those species (SI Table  1 ). Thus, near-identical inverted duplications f lanking the FLNA-EMD chromosomal segment are a conserved feature of eutherian X chromosomes.
Evolutionary Relationships Among the Duplications. The presence of near-identical duplicated sequences at orthologous positions in a phylogenetically diverse set of species (Fig. 2) is a hallmark of sequence homogenization resulting from gene conversion, or other possible recombination processes, such as successive single cross-overs (17) , between the duplications. Alternatively, this observation is also consistent with numerous recent and independent duplications of the orthologous genomic regions in multiple lineages. To establish the degree to which gene conversion and/or independent duplication events have contributed to the ubiquitous presence of inverted duplications flanking the FLNA-EMD chromosomal segment in eutherians, we examined the sequence conservation and the evolutionary relationship of the duplications across species and compared the relative genomic positions of the duplications.
Multiple sequence alignments were generated and used to classify subregions of the duplications as either species-specific, conserved within an order (ordinal), or conserved across orders (superordinal) ( Fig. 2 ; see Methods for details and SI Table 2 for a summary of the conservation of the duplications between each pair of species). Most of the duplications were a complex mixture of two or more of the sequence classes and shared some homologous sequence with at least one other species. However, the guinea pig, shrew, and armadillo duplications were composed entirely of species-specific sequences. Within the 11 species that contained duplicated sequence classified as superordinal, we were able to detect just 102 bp duplicated in all species (SI Fig. 4A ). This low degree of sequence conservation between the duplications is similar to that of the flanking intergenic regions and not unexpected for comparisons of random genomic sequence across a set of evolutionarily diverse species (18) . To formally reconstruct the evolutionary relationships among the duplications, the conserved 102-bp sequence was used to generate a phylogenetic tree. As expected, the intraspecies paralogous duplications clustered most closely with one another and not with an orthologous duplication (SI Fig.  4B ). An analogous result was also observed for the phylogeny of the duplicated sequence common to only mouse and rat (SI Fig.  4C) . Thus, the composition of the duplications based on inferred common ancestry from sequence alignments and the reconstructed evolutionary relationships between the duplications are consistent with either a common origin followed by a high degree of gene conversion and/or independent recent duplications of the orthologous positions in multiple lineages.
To distinguish between a single origin of the duplications versus multiple independent duplication events, we used the sequence alignments of the species that shared some common duplicated sequence to compare the relative positions of the duplications in each species. The external edges of the duplications were fairly consistent between species; in four of the primates (marmoset, owl monkey, mouse lemur, and galago) and rabbit, they mapped within 30 bp of each other, and in most other species the difference in location could be explained by simple deletions (SI Fig. 5 ). There was more variation in the relative position of the internal edges, although the human, baboon, marmoset, cat, and dog internal edges mapped within 35 bp of one another and those of mouse lemur, galago, and bat are located a few hundred nucleotides away because of independent Ϸ1-kb deletions (SI Fig. 5 ). In addition, the species-specific duplicated regions at the internal edges in owl monkey (1.8 kb) and rabbit (7.5 kb) could be explained by an expansion of the duplications via gene conversion (see Discussion). Therefore, despite the overall low sequence conservation, the positions of the duplications suggest that they are derived from an ancestral duplication and strongly support a single common origin.
Signatures of Gene Conversion in the Duplications. Initial sequence comparisons of the inverted duplications flanking the FLNA-EMD chromosomal segment suggested that gene conversion has likely played a role in the evolution of the duplications. We therefore performed additional intraspecies and interspecies sequence analyses to determine whether other known signatures of gene conversion could be detected within the duplications.
First, intraspecies pairwise alignments of the duplications were tested for stretches of perfect identity longer than expected by chance given the overall sequence identity between the duplications and a random distribution of nucleotide substitutions with GENECONV (19) . Statistically significant identical tracts that could be the result of gene conversion were found in all 16 species analyzed (SI Table 3 ). Second, because the ends of duplications are less likely to be homogenized by gene conversion events, we used the same pairwise alignments to compare the frequency of single-nucleotide substitutions at the edges of the duplications versus the internal segment within each species. If gene conversion has occurred, we would expect to see elevated divergence at the edges compared with the rest of the duplication. Indeed, with the exception of rabbit and shrew, the combined divergence of the 100 bp at each edge of the duplication was significantly elevated compared with the internal segment in the remaining 14 species (SI Table 3 ). Finally, because there is substantial evidence that gene conversion leads to an increase in GC content resulting from a bias in mismatch repair (20) , we compared the GC content of the duplicated sequences and the intergenic regions flanking each duplication. In all cases, the GC content of the duplications was significantly higher (1.3-25.6%) than that of the flanking intergenic regions (SI Table 3 ). Although the results of the intraspecies-based tests cannot exclude alternative mechanisms, they were consistent with homogenization of the duplications flanking the FLNA-EMD chromosomal segment by gene conversion.
As a complement to the above tests, we used interspecies sequence comparisons of the duplications and flanking regions between three pairs of closely related species to look for signatures of gene conversion (SI Table 4 ). We detected discrete regions at the edges of the duplications that were more similar to the orthologous region from the other species in each pair than to the intraspecies paralogous sequence. Specifically, in the Species-specific refers to a sequence duplicated in a single species, ordinal refers to a sequence duplicated in more than one species from the same order, and superordinal refers to a sequence duplicated in at least two species from two distinct orders.
The position of sequencing gaps within the duplications is indicated by * . The intraspecies divergence between duplications as measured by the number of substitutions per site was calculated by using the Kimura two-parameter (K2P) model (50) and is shown on the right along with the standard error.
human-baboon alignment, we detected tracts of 82 and 76 bp at the outer and inner ends of the duplications, respectively, that include several intraspecies paralogous sequence variants that are shared between the orthologous duplications (SI Table 4 and SI Fig. 6 ). A similar pattern was observed in a 3,092-bp tract (including a 2.7-kb deletion) and a 79-bp tract at the outer edge of the marmoset-owl monkey and mouse-rat duplication alignments, respectively. One interpretation of these observations is that these regions escaped the recent homogenization effect of gene conversion and represent the divergence accumulated between duplications in the common ancestor of each species pair. Such a model is consistent with a common origin for the duplications in each of the three pairs of species, followed by gene conversion in both the primate and rodent lineages, and further supports the assertion that gene conversion is actively homogenizing the paralogous duplications within each species.
Discussion
The ever-expanding list of sequenced mammalian genomes and human variation data is providing novel and refined views of the differences between genomes and the molecular mechanisms by which those differences arise. Here, we have described the results of our study focused on a segment of the eutherian X chromosome that displays two highly unusual properties: recurrent inversions and the ubiquitous presence of near-identical duplications in a diverse sampling of eutherians. As such, this locus provides a unique perspective on how mammalian genomes can evolve.
Chromosomal rearrangements, including inversions, are generally thought to occur infrequently. Moreover, if chromosomal breakpoints occur at random in the genome, the chance of the ''same'' inversion arising independently and repeatedly at the same locus in a broad sampling of taxa should be vanishingly small. In contrast to the above expectation, we were able to infer that a minimum of 10 inversions have flipped the arrangement of the FLNA-EMD chromosomal segment since the eutherian radiation some Ϸ100 million years ago. Considering the estimated rate for the occurrence of evolutionary breakpoints in mammalian lineages of Ϸ0.11-2.25 breakpoints per genome every million years (9) and the Ϸ1,642 million years of evolution represented in our phylogeny (Fig. 1) , only 0.005-0.11 breakpoints would be expected to map within a genomic interval the size of the FLNA-EMD segment and flanking regions (Ϸ75 kb). The 20 breakpoints we observed corresponding to a minimum of 10 inversions are therefore at least Ϸ180-fold higher than expected. Thus, even by this conservative estimate of the number of independent inversions (see below), the FLNA-EMD chromosomal segment is clearly an inversion hotspot and supports the breakpoint reusage hypothesis (8) .
Although remarkable, the two unique properties of the FLNA-EMD region, i.e., recurrent inversions and the ubiquitous presence of near-identical duplications in a diverse sampling of eutherians, can be explained by a single molecular mechanism: NAHR between inverted repeats. As with any other type of recombination event, NAHR can be resolved through gene conversion or through crossing-over, which will result, respectively, in high identity between the duplications or inversion of the segment between them. Therefore, to account for the evolution of the FLNA-EMD region, we propose the following model (Fig. 3) . First, before the most recent common ancestor of eutherians, an ancestral duplication event occurred (Fig. 3A) . Subsequently, over the past Ϸ100 million years, the duplications were continuously homogenized by gene conversion and the near-identical tracts of sequence acted as substrate for additional NAHR and recurrent inversions. However, periodically a fraction of the ancestral duplications accumulated enough sequence differences between paralogs to escape conversion, most notably exemplified in the shrew lineage, thus likely limiting their potential to act as substrates for future inversions by NAHR. In addition, we hypothesize that the process of gene conversion has included not only the conversion of singlenucleotide variants, but also of insertions and deletions (Fig. 3B) . Such a mechanism is consistent with studies from various species showing the conversion of insertions and deletions of various sizes (21) (22) (23) (24) and would explain the presence of species-and ordinalspecific sequences embedded within the duplications. Finally, the expansion of the duplications in some species could be explained by so-called long tract gene conversion events (25) , in which strand extension proceeds through the homologous duplicated sequence and into the flanking ''unique'' region, ultimately resulting in a newly duplicated sequence (Fig. 3C) . Conversely, simple deletions at the edges of the duplications could have progressively contracted the duplicated regions in other species.
NAHR between inverted repeats is a commonly accepted molecular basis for inversions (13) and is known to give rise to recurrent inversions in somatic cells (26) and in the germ line (27) . However, we are aware of just one other example by which NAHR between near-identical segmental duplications at orthologous positions in highly divergent species has been directly implicated in mediating convergent inversions. Specifically, Lozier et al. (28) observed that, as is the case in some human patients, factor VIII deficiency in dogs is caused by a chromosomal inversion most likely caused by NAHR between duplicated sequences analogous to those found in humans. Strikingly, this locus also maps to Xq28 and is located just Ϸ1 Mb telomeric of the FLNA-EMD region. Thus, while presumably rare, NAHR between near-identical segmental duplications at orthologous positions can lead to the clustering of evolutionary breakpoints. One interesting prediction of this model is that, as in humans, inversion polymorphism of the FLNA-EMD region may be a genetic variant common to most, if not all, eutherians. Therefore, prevalent intraspecies variation is an alternative explanation for the pattern of chromosomal arrangements seen in Fig. 1B .
With regard to the evolution of the duplications, it has been argued that gene conversion is not prevalent enough to obscure the true age of most duplications in the human genome, and near-identical duplications are likely to have arisen in the very recent past and be species-or clade-specific (29, 30) . In contrast to this assertion, our detailed sequence analysis of the duplications flanking the FLNA-EMD region is consistent with the action of gene conversion and suggests a single origin for the duplications common to all eutherians, thereby dating the duplication to a time point Ͼ100 million years ago. Gene conversion is a dominant force dictating the evolution of segmental duplications on the human Y chromosome (31) and is common between autosomal duplications as well (32) . In fact, previous work in worms (33) and mammals (34) has already demonstrated that homogenization of duplicated sequences by gene conversion can be sustained over long evolutionary timeframes on the order of Ϸ100 million to 200 million years. However, although there are other cases of near-identical human duplications that are older than expected based on the divergence estimates (24, 35) , to our knowledge, the duplications flanking the FLNA-EMD region represent the most extreme example of such a finding, both in terms of the estimated age of the duplications and the phylogenetic breadth of conservation.
Although models other than those proposed above for the history of the FLNA-EMD region may certainly also be possible, perhaps the most intriguing question has nothing to do with how and when the inversions and segmental duplications occurred, but rather with the pervasive conservation of near-identical duplications at this locus. Because there is no evidence to suggest that the duplications encode genes, save for the 3Ј end of the FLNA gene in rabbit, one possibility is that the duplications themselves are entirely dispensable, but just happen to be located in an optimal genomic environment, i.e., spacing, orientation, and chromosome location, for gene conversion. It is therefore tempting to speculate that hemizogosity of the X chromosome in the male germ line has led to an elevation of intrachromosomal NAHR, as has been observed for the duplications that mediate the inversion that causes factor VIII deficiency (27) . Indeed, gene conversion is thought to be a key mechanism for the long-term survival of genes on the Y chromosome (36) , and both the human X and Y chromosomes have a disproportionately high percentage of intrachromosomal duplications with Ͼ99% identity (30, 31) and inverted repeats (37) . A second possibility is that it is not the retention of the duplications that is being selected for, but the ability to alter the orientation of the inverted region, which may have some unknown beneficial consequence. For example, a series of newly described 5Ј extended transcripts (38) that map both within and outside of the inverted region, and thus are predicted to be arrangement-specific, have been associated with FLNA, which encodes an actin binding protein involved in cytoskeletal assembly (39) , EMD, a nuclear envelope protein mutated in X-linked Emery-Dreifuss muscular dystrophy (40) , and RPL10, a component of the 60s ribosomal subunit (41) . Lastly, it is also possible that the duplications are being actively conserved because they are functionally important, and as a pair might act in concert to modulate local chromatin structure and/or contribute to the regulation of neighboring genes via the formation of a cruciform structure (36, 37) .
In conclusion, our results have revealed an extreme example of breakpoint reusage and long-term gene conversion on the eutherian X chromosome and led us to propose an explicit model to account for both of those unique genomic properties. Future efforts are needed to determine whether the evolution of this locus is a genomic oddity or is, in fact, representative of a discrete fraction of other evolutionary breakpoints and/or ''recent'' segmental duplications. (42, 43) as part of the EN-CODE project (44) . An unordered and oriented BAC-based assembly was also generated for the colobus monkey (Colobus guereza). Additional genomic sequences corresponding to the TKTL1-RPL10 segment were extracted from the whole-genome assemblies of human (Homo sapiens, hg17), chimpanzee (Pan troglodytes, panTro1), rhesus macaque (Macaca mulatta, rheMac2), dog (Canis familiaris, canFam2), cow (Bos taurus, bosTau2), mouse (Mus musculus, mm8), and rat (Rattus norvegicus, rn4). A summary of the genomic data used in this study is provided in SI Table 1 , and the evidence supporting the sequence assemblies is listed in SI Table 5 .
Methods
Comparative Mapping of BAC and Fosmid Paired-End Reads. Available BAC and fosmid paired-end reads from eutherians were used to infer the arrangement of the FLNA-EMD region in a greater sampling of species, and in some cases to confirm the arrangement of the FLNA-EMD chromosomal segment present in the whole-genome assemblies. Fosmid and BAC-end reads were imported from the National Center for Biotechnology Information and compared by BLAST (45) and/or BLAT (46) searches to the finished human or mouse genomic sequence. The orientation of the FLNA-EMD segment was then inferred in chimpanzee, orangutan (Pongo pygmaeus), gibbon (Nomascus leucogenys), rhesus macaque, vervet monkey (Chlorocebus aethiops), squirrel monkey (Saimiri boliviensis), tree shrew (Tupaia belangeri), rat (Rattus norvegicus), horse (Equus caballus), and flying fox (Pteropus vampyrus) by identifying paired-end reads in which one end-read fell between the duplications flanking the FLNA-EMD loci, and the mate-pair mapped within a distance of 27-78 kb for fosmids and 135-318 kb for BAC clones. The relative orientation of the paired-end reads to the human or mouse genomes were then used as the basis to infer the arrangement of the FLNA-EMD segment in each species. A summary of the paired-end read mapping results are provided in SI Table 6 .
Multiple Sequence Alignment and Sequence Analysis. Gene annotation of the region of interest was either lifted from the wholegenome assemblies or generated locally with a combination of interspecies cDNA-genomic and genomic-genomic alignments. Genomic alignments between and within species were generated with the BLASTZ suite of alignment programs, including TBA and MultiPipMaker (47, 48) . The location of the duplications within each species was inferred from sequence alignments of each species to itself, and the edges of the duplications were further refined by comparison with those of other species by using multiple sequence alignments. Pairs of duplications or flanking sequences were aligned with MUSCLE (49) by using default parameters, and alignments were manually inspected to check for potential errors. Sequence divergence was calculated by the Kimura two-parameter (K2P) model (50) and the standard error was estimated with 1,000 bootstrap replicates by using MEGA (51) . Phylogenetic trees of the duplicated sequence were constructed by using the neighbor-joining method and 100 bootstrap replicates as implemented in PAUP*. Geneconversion tracts within the pairwise alignments of the duplications of each species were estimated with GENECONV (19) by detecting stretches of perfect identity longer than expected by chance using the ''include monomorphic sites'' option.
